This paper summarizes a newly developed fabrication technique which has been demonstrated to be effective for producing textile composites with controlled fiber architecture. This technique is well suited to the investigation of localized flaws, nesting flaw patterns, and controlled stacking arrangements for textile fabrics.
Recent studies have addressed the effects of fiber undulations and misalignment on mechanical properties of composite laminates, particularly in compression [3..8] . The data supports a common qualitative trend -that both severity and density of fiber waviness or misalignment adversely affect compression performance. Quantitative assessments of these effects are difficult to establish due to limitations in controlling the formation of these defects during manufacturing. Furthermore, investigating interactions of nested flaws within the laminate is not feasible with present manufacturing techniques. This problem is further complicated in three-dimensionally reinforced composites, which exhibit a far more complex fiber architecture.
Present techniques used to manufacture textile composites offer minimal control over fiber orientation (or misorientation). One technique involves laying-up the material from pre-fabricated two-dimensional laminated cloth sheets. During resin infiltration and cure, these sheets may distort or move relative to one another. An alternate technique uses woven textile preforms which must be compacted and resin infiltrated in a separate mold (again with no control over distortion of original fiber architecture during compaction). The techniques proposed provide control over fiber orientation during compaction and cure, and thus allow production of textile composites with ideal fiber architectures.
Hardware Design
Hardware designed by the authors to allow for control of fiber architecture during compaction and cure is shown in Figure 1 . The nesting frame loom allows the manufacturer to weave the textile composite and cure under tension to ensure fiber alignment (both in-plane and through-thethickness). The current process has evolved from numerous iterations, in which various tensioning mechanisms, reed or comb mechanisms, and curing techniques were explored.
The nesting frame loom consists of an aluminum body adjustable in two directions with machined slots for insertion of combs with variable tooth density. The tooth density can thus be matched to the specific requirements of the weave geometry (unit cell size, tow size and fiber volume). Note the set screws within the machined slots which ensure correct positioning of the combs, and the use of a close tolerance cap to prevent unnecessary bending of the teeth during ten- sioning. The composite may be fabricated using dry fiber tows or resin impregnated tow material (towpreg). In either case, tows are woven or wrapped around stationary comb teeth. Additionally, pre-woven fabrics, either dry or resin impregnated, may be pierced over the combs and held in place with external clamps. Stationary positioning of the teeth coupled with the ability to apply tension to straighten fibers ensures alignment of the fibers during compaction and curing.
One important feature of the loom is the ability to seal the area of the composite to develop the required resin pressure during curing. This is presently accomplished using vacuum sealant tape placed around the periphery of the compaction plates both above and below the composite. During compaction, this sealant is forced through the thickness of the composite, and effectively seals the composite during curing. Success of this technique has been demonstrated for curing resin impregnated samples as well as samples requiring resin film infusion. The curing arrangement for pre-impregnated samples is shown in Figure 2 . If dry fiber is used, or if there is a desire to add additional resin, the curing arrangement requires the addition of a degassed resin film. This film is placed between the lower compaction plate and the sample within the boundaries of the vacuum sealant tape, as shown in Figure 2 . Fabrication of these films is addressed in detail in Reference 9.
Aluminum compaction plates in contact with the specimen ensure uniform heating of the composite. These aluminum plates are in direct contact with the heated hot press platens, and have sufficient thermal conductivity to transfer heat to the specimen. Thus, the nesting frame loom allows for application of heat and pressure to the composite, as required for curing. 
Results
Representative samples cured on this loom are compared to a conventionally manufactured two-dimensional woven composite material in Figure 3 . These examples demonstrate intentional imperfections in an otherwise ideal laminate (nested and single isolated waves in a two-directional composite), various controlled nesting patterns for two-dimensionally reinforced woven composites, and three-dimensional orthogonal fiber architecture. Note that the conventionally manufactured material exhibits random positioning offiber undulations, whereas samples cured on the loom exhibit specific, intentional combinations of nested or stacked undulations. This demonstrates the unique and desirable capability to produce samples with idealized fiber architectures. These samples are desirable for investigating the interaction of fiber undulations and their compounding effects on mechanical performance.
Quality of samples cured on the nesting frame loom has been verified for porosity using microscopic evaluations and for fiber orientation and conventional flaws (cracks, delaminations, and inclusions) using ultrasonic non-destructive evaluations. Porosity levels have been found to be less than one percent, well within accepted industry standards. Ultrasonic C-scan images used to detect imperfections have not only verified the quality of the composite, but also the consistent positioning of fiber architecture. This is illustrated in Figure 4 , which is a pulse-echo scan of a sample fabricated to contain an intentional double wave. The center ply C-scan image indicates the existence of the wave and confirms that the wave maintains alignment across the length of the sample.
Mechanical testing is presently underway to assess the effects of fiber architecture imperfections, nesting and three-dimensional architecture on stiffness and strength. Included is conventional mechanical testing, Moire' interferometric testing, and ultrasonic testing.
Applications
Use of Cure-on-the-Loom techniques have been verified for plate technology. The ability to fabricate samples with controlled nesting will be useful for determining a statistical database of mechanical property reductions in textile composites. Guidelines on mechanical property reduction as a function of fiber architecture will allow greater performance, and may allow reduced testing on future textile composites. This reduced testing could provide cost reductions in qualifying new textile product forms fabricated from industry accepted constituent materials. Samples with controlled fiber architecture will also be useful for comparing experimental results to predictions made using finite element models, which for simplicity are produced using ideal fiber architecture. The few studies which have attempted to model actual fiber orientations have not been compared to experimental results due to the inability to fabricate samples with controlled fiber architecture. The study ofnested fiber undulations is essential when three-dimensional fiber architectures are considered, as they inherently contain nested repeating patterns of fiber undulations.
Industrial applications for this concept include a wide variety ofwoven or braided shapes. The proposed approach is for the weaver to infiltrate the parts on the loom, thus allowing improved compression performance through controlled fiber architecture. Specific applications include stiffeners or stiffened plate sections, beams, lugs, fittings, tubes or practically any shape presently producible by textile manufacturing techniques. These can also include assemblies, such as bicycle frames, aircraft wing, fuselage or empennage sections, and trusses or beam assemblies for large-scale civil construction.
Conclusions
This paper has addressed concepts and hardware shown to be effective for producing samples with controlled fiber architecture. The need for concepts and hardware such as those proposed is established by the present lack of manufacturing technology to control fiber orientation during cure, and the desire of researchers to obtain samples with controlled fiber architecture. Use of these methods for more diverse industrial applications is justified by potential mechanical property improvements as well as potential reductions in cost of the components produced.
